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South African savannas are poorly studied with respect
to leaf and canopy photosynthesis making it difficult to
quantify their response to global warming and contri-
bution to the overall global carbon budget. This study
addressed these issues by examining the effects of dif-
ferent leaf temperatures (range 25–35°C) on the photo-
synthesis of broad-leafed (Combretum apiculatum,
Dalbergia melanoxylon, Sclerocarya birrea) and fine-
leafed (Acacia nilotica, Acacia nigrescens) savanna
tree species during two summer dry spells in the
Kruger National Park. Results showed that photosyn-
thetic rates of fine-leafed tree forms were significantly
higher than those of broad-leafed tree forms over the
entire range of photosynthetic flux densities (range:
0–2 000µmol m–2 s–1 PFD) but not over the entire range
of external (Ca) and internal (Ci) leaf CO2 concentrations
(range: 0–120Pa Ci). The lower photosynthetic rate, car-
boxylation efficiency (Vcmax) and electron transport
capacity (Jmax) of broad-leafed forms was not reflected in
their leaf N, chlorophyll or carotenoid concentrations,
but did correspond with a greater foliar accumulation of
non-structural carbohydrates known to inhibit photo-
synthesis through several routes. Despite these differ-
ences, photosynthesis in both functional types was sup-
pressed at leaf temperatures of 35°C, the magnitude of
photosynthetic acclimation equivalent in broad- and
fine-leafed forms. In both forms, the decline in photo-
synthetic rate corresponded with a concomitant reduc-
tion in stomatal conductance, a consequence of a steep
leaf-to-air vapour pressure deficit gradient with increas-
ing leaf temperature, leading to a decrease in carboxyla-
tion efficiency as indicated by reduced Ci:Ca ratios. It is
concluded that anticipated increases in temperature due
to global warming may negatively impact on primary
production of especially broad-leafed savannas with
potential consequences for the global carbon budget.
Abbreviations: Apparent carboxylation efficiency (Vcmax),
apparent quantum efficiency (AQE), chlorophyll a + b (Chl a
+ b), electron transport capacity (Jmax), dark respiration (Rd),
leaf-to-air vapour pressure deficit (Vpdl), leaf temperature
(TL), net CO2 assimilation (Amax), nitrogen concentration (N),
non-structural carbohydrates (NSC), photosynthetic flux
density (PFD), photo-respiratory cycle (PCO), photosynthet-
ic carbon reduction cycle (PCR), photosynthetic nitrogen
use efficiency (PNUE), ratio of intercellular carbon dioxide to
ambient carbon dioxide (Ci:Ca), ribulose 1,5-biphosphate
carboxylase/oxygenase (Rubisco), ribulose 1,5-biphosphate
(RuBP), specific leaf area (SLA), stomatal conductance (gs),
water use efficiency (WUE)
Savannas occupy about 35% of South Africa’s land surface
making them the most extensive biome in South Africa
(Scholes and Walker 1993, Rutherford 1997). Despite this,
and the important component of the global carbon budget
that they constitute (Long et al. 1989), they still remain poor-
ly studied ecosystems (Scholes and Walker 1993). The
South African Study on Climate Change predicted a combi-
nation of increased temperatures and drought in the area
currently occupied by savannas in South Africa (Rutherford
et al. 1999).
Temperature and rainfall regimes are amongst the princi-
pal factors affecting the distribution of plants globally
(Daubenmire 1974, Berry and Bjorkman 1980). This rela-
tionship is based on the correlation between vegetation and
global patterns in temperature and rainfall (Woodward
1988), but this provides no physiological mechanisms that
may be involved in creating these observed patterns.
Photosynthesis and respiration are amongst key metabol-
ic processes in plants sensitive to changes in temperature
and moisture regimes. Increases in leaf temperature alter
the rates of physiological and biochemical reactions, leading
to altered carbon partitioning and storage. For instance,
higher leaf temperatures tend to favour the photo-respirato-
ry cycle (PCO) over the photosynthetic carbon reduction
cycle (PCR) in C3 plants, resulting in higher energy demand
(Baker et al. 1988), and lower nitrogen and water use effi-
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ciencies. This means that more carbon is processed via the
PCO cycle, imposing stress on the plant’s energy and car-
bon budget. Furthermore, under conditions of low light, tem-
perature plays no role in photosynthesis (Berry and
Bjorkman 1980, Meidner 1986). This is because the enzyme
Rubisco tends to be limited by light, and light and tempera-
ture are inseparable as parameters affecting the photosyn-
thetic machinery (Burzynski and Lechwoski 1983).
Evolution has produced various structural adaptations to
cope with prevailing environmental conditions leading to
dominance of different structural forms in their respective
habitats (e.g. broad- and fine-leafed plant species). These
structural differences may underlie the potential of different
species to tolerate environmental change. For instance,
physiological trade-offs resulting from a tension between
water-and nitrogen-use efficiency optimisation have been
observed at leaf level (Lambers et al. 1998). Midgley et al.
(2004) suggested that these trade-offs might lead to
species-specific responses along moisture gradients. Such
responses may serve as basis for understanding any emer-
gent phenomena at canopy and ecosystem level (Midgley et
al. 2004). Studying gas exchange at leaf level may allow the
separation of important physiological traits that can easily be
overlooked at canopy and ecosystem level.
Stomata play a pivotal role in gas exchange of plants
(Berry and Bjorkman 1980). An increase in leaf to air vapour
pressure deficit (Vpdl) was reported to negatively affect
stomatal conductance of 19 widely different warm climate
species, and this in turn suppressed photosynthesis of these
species (EL-Sharkawy et al. 1985). Losch (1977) demon-
strated that the sensitivity of stomata to ambient humidity is
independent of temperature. On the other hand, near-opti-
mal temperature interacts with humidity to maximise stom-
atal conductance when saturation deficit of the air is low. The
opposite is true when the saturation deficit in the air is high
under elevated temperatures.
Several studies have demonstrated that a decline in foliar
nitrogen concentration decreases the amount and activity of
the photosynthetic enzyme ribulose 1,5-biphosphate car-
boxylase/oxygenase (Rubisco) translating into decreased
carbon assimilation (Besford et al. 1990, Wocjieska 1994,
Mjwara et al. 1996). This is because more than half of foliar
nitrogen is invested in Rubisco (Besford et al. 1990,
Wocjieska 1994). The intimate relationship between foliar
nitrogen and carbon assimilation has been demonstrated for
a range of species globally (Field and Mooney 1986).
The currently available literature on southern African
savannas focuses mainly on studies on tree-grass interac-
tions, fire and production ecology (Scholes 1997). A good
understanding of the contribution of African savanna sys-
tems to the global and regional carbon budget requires basic
information on photosynthesis and respiration at leaf level.
In view of this, this study’s objectives were to examine the
photosynthetic responses of broad- and fine-leafed woody
species to changes in light intensity, leaf temperature and
soil water status along a catena slope in the vicinity of a
canopy flux measuring tower in the Kruger National Park
near Skukuza.
Materials and Methods
Study site
The study site was a catena in close proximity to a canopy
flux-measuring tower in the Kruger National Park near
Skukuza, South Africa (Scholes et al. 2001). The annual
average rainfall is 550mm, but during the period 1999–2000
it was 1 260mm (Otter et al. 2002). The vegetation on the
catena comprised a mixture of trees and grasses. The upper
part of the catena supported broad-leafed trees on a sandy
soil, while the lower part supported fine-leafed trees on a
clay soil (Scholes et al. 2001).
Gas and vapour exchange measurements
Measurements were performed from late January to early
February 2001 (1st set) and during November 2002 (2nd set),
both sets coinciding with dry spells during the rainy season.
Rainfall events prior to and during the first set of measure-
ments were ±100mm in 2001 and <50mm in the second set
of measurements in 2002 (SAWS 2001, 2002). Both sets of
measurements were performed on three fully expanded
mature leaves randomly selected from the canopies of the
five dominant species at the site. These included the broad-
leafed species Combretum apiculatum Sond., Dalbergia
melanoxylon Guill. & Perr., Sclerocarya birrea (A. Rich)
Hochst. and the fine-leafed species Acacia nilotica (L.) Willd.
ex Delile and Acacia nigrescens Oliv. Gas and water vapour
exchange measurements were performed at three different
leaf temperatures (25°C, 30°C and 35°C) using a Licor
portable photosynthesis system fitted with red-blue light
source (Li6400-02B) and CO2 control unit (Licor, Nebraska,
USA). Vpdl in the leaf cuvette (Li-6400) ranged from 1.24 ±
0.12kPa in measurements conducted at 25°C to 3.2 ±
0.12kPa in those conducted at 35°C.
The following gas and vapour exchange were determined
applying published equations (Von Caemmerer and
Farquhar 1981, Harley and Sharkey 1991, Harley et al.
1992). These included maximum photosynthesis at light sat-
uration (Amax), stomatal conductance at light saturation (gs)
and water use efficiency (WUE) calculated from the ratio of
Amax/gs. Apparent quantum efficiency (AQE) was derived
from the slope of the CO2 flux between a PFD of c. 50 and
250µmol m–2 s–1 using a photosynthetic curve fitting program
(RP Dundee Scientific Ltd) following the conversion of CO2
and O2 molar ratios to partial pressure units (Pa). Dark res-
piration (Rd) was calculated from the measured CO2 flux at a
PFD of 0µmol m–2 s–1. Apparent carboxylation efficiency
(Vcmax) was derived from the initial slope of the response of
net CO2 assimilation rate to internal leaf concentration (Ci)
between c. 50 and 200µmol mol–1 Ci using the photosyn-
thetic curve-fitting program (RP Dundee Scientific Ltd).
Electron transport capacity (Jmax) was determined from the
net CO2 assimilation rate at saturating Ci. Triose phosphate
utilisation is not reported since the response curves did not
show clear saturation at high CO2 (Wullschleger 1993).
Following gas and vapour exchange measurements, leaf
areas were measured using a leaf area meter (Li-3000 and
Li-3050A, Licor, Nebraska, USA) and the leaves dried at
Kgope762
65°C to constant mass in a forced draft oven and ground in
a mill (Restch Zm 100) to a 0.25mm particle size.
Leaf chemical assays
Soluble non-structural carbohydrates (glucose, fructose and
sucrose) were extracted from oven dried, milled leaf sam-
ples suspended in two 10ml volumes of 80% ethanol (80:20,
v:v, ethanol:water). After centrifuging, the supernatants were
adjusted to 25ml in volumetric flasks for spectrophotometric
determination of total soluble sugars (Buysse and Merckx
1993). For analysis of insoluble non-structural carbohy-
drates (starch), residues were hydrolysed for 3h in 5ml of
3.6% HCl at 100°C, centrifuged and supernatants adjusted
to 25ml with 80% ethanol in the volumetric flasks before
spectrophotometrically determining the resultant sugars in
the extracts (Buysse and Merckx 1993). Total non-structural
carbohydrate concentrations (Total NSC) were expressed as
µg cm–2 leaf area.
For analysis of total nitrogen, oven dried milled leaf sam-
ples were digested in a sulphuric acid-hydrogen peroxide
mixture. Nitrogen concentrations in the digests were
analysed colorometrically following Kjeldhal distillation using
anhydrous ammonium sulphate as a standard (Anderson
and Ingram 1993). Photosynthetic nitrogen use efficiency
was calculated from the ratio of Amax (µmol CO2 m–2 s–1) to
foliar nitrogen content (g N m–2).
Photosynthetic pigments were analysed in samples of
fresh leaves taken adjacent to those in the canopies used for
gas exchange measurements. Leaf samples of predeter-
mined area were extracted at low light intensity in 10ml of
100% methanol at 2°C. Absorbances of centrifuged extracts
were measured with a spectro-photometer (Beckman DU
640, Beckman Instruments Inc., Fullerton, USA) at specified
wavelengths required for computation of chlorophyll a,
chlorophyll b and total carotenoid concentrations
(Lichtenthaler 1987).
Statistical analyses
A multiple factorial analysis of variance tested differences in
measured gas and vapour exchange parameters between
the two sets of measurements, the different species, leaf
forms, leaf temperatures and their interactions. Significantly
different treatment means were separated using a Duncan
multiple range test. Computed correlation coefficients and a
student’s t-test evaluated statistical correspondence
between measured leaf gas and vapour exchange parame-
ters and their chemical properties.
Results
There were no significant (P ≥ 0.05) differences in measured
gas and vapour exchange properties between species with-
in the broad- and fine-leafed form categories or between the
two sets of measurements taken in the different dry summer
spells (data not shown). Net CO2 assimilation (Amax) rates of
broad-leafed forms were consistently significantly (P ≤ 0.05)
lower than those of fine-leafed forms over the entire PFD
range but not over the entire Ci range (Figure 1a and 1b).
These lower net CO2 assimilation rates corresponded with
significantly (P ≤ 0.01) lower Amax gs, Vcmax and Jmax, but sig-
nificantly (P ≤ 0.01) higher AQE and foliar non-structural car-
bohydrate levels in the broad- than fine-leafed forms (Tables
1 and 2). At leaf temperatures of 35°C, significantly (P ≤
0.05) reduced Amax, gs, AQE and Ci/Ca ratios, accompanied
by significantly (P ≤ 0.01) increased Rd and Vpdl were
observed in both broad- and fine-leafed forms. The magni-
tude of change with increased leaf temperature was equiva-
lent in the two leaf forms, this supported by the absence of
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Figure 1: Average net CO2 assimilation rate ± standard errors as a
function of (a) photosynthetic flux density (PFD) and (b) intercellu-
lar CO2 (Ci) concentration in broad- and fine-leafed African savanna
tree species. F-ratios presented for main effects and interactions at
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001
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significant (P ≥ 0.05) interactions between leaf form and leaf
temperature for these gas and vapour exchange parame-
ters. Correlation analysis revealed significant correspon-
dence (P ≤ 0.05) between Amax and Ci:Ca ratios, Vpdl, Vcmax,
Jmax and foliar non-structural carbohydrates (Table 3).
Discussion
Net CO2 assimilation rates measured for broad- and fine-
leafed savannas in this study were in the range (3–14µmol
CO2 m–2 s–1) previously reported for South African
Mediterranean-Climate shrubs (Van der Heyden and Lewis
1989, Von Willert et al. 1989), but much lower than those
(14.5µmol CO2 m–2 s–1) reported for broad-leafed Australian
Eucalypt (Prior et al. 1997) and Acacia species (Eamus et al.
1999). Indeed, even the higher net CO2 assimilation rates
measured for fine-leafed savanna species in this study were
well below rates (as high as 20µmol CO2 m–2 s–1 ) reported
for combined broad- and fine-leafed savannas growing
under moister conditions in Botswana (Midgley et al. 2004).
The relatively lower photosynthetic rates measured in this
study were attributed to the substantially drier conditions at
the study site.
Photosynthetic acclimation appeared to be influenced by
a reduction in stomatal conductance with increasing leaf
temperature (TL), especially in the broad-leafed savanna
species. This proposal was supported by a significant posi-
tive correlation between Amax and gs. The general reduction
in gs with an increase in TL emerged from a steep positive
linear relationship between these two parameters. However,
instantaneous water use efficiency was not significantly
affected. It has been reported that stomatal conductances of
some Australian savanna species are insensitive to high
vapour pressure deficits if leaves expanded under wet than
dry conditions (Thomas et al. 2000), though those of some
species in northern Australia were reported to decrease
along a rainfall gradient during the dry season (Hutley et al.
2001). In contrast, Midgley et al. (2004) reported an
increased stomatal conductance (≥0.20mol H2O m–2 s–1) for
broad- and fine-leafed savanna species along a Kalahari
Transect rainfall gradient and attributed this to good precipi-
tation preceding the study.
Measured light saturated net CO2 assimilation rates in this
study were insignificantly correlated with foliar nitrogen con-
centrations suggesting that leaf photosynthesis was not lim-
ited by foliar nitrogen. This suggestion was supported by the
significant positive correlations observed between Amax and
photosynthetic nitrogen use efficiency and Vcmax indicating
that photosynthetic down regulation was not limited by foliar
nitrogen concentration.
It is known that the activities of key photosynthetic
enzymes, such as Rubisco, are sensitive to temperature
(Jordan and Ogren 1984). At elevated leaf temperatures and
PFD, Rubisco has a higher affinity for O2 than CO2 (Brooks
and Farquhar 1985, Woodrow and Mott 1988), causing a
decline in CO2 assimilation. Consequently, the photo-oxida-
tion cycle is favoured over the photosynthetic carbon reduc-
tion cycle. The latter scenario increases the proportion of
carbon entering the photosynthetic carbon assimilation
cycle, resulting in increased energy demand in the form of
ATP and NADPH (Baker et al. 1988). Such effects may
explain the steep increase in dark respiration rate with
increased leaf temperature measured in both the broad- and
fine-leafed savannas in this study. In fact, a similar relation-
ship between leaf temperature and dark respiration was
reported for broad- and fine-leafed savanna trees in
Botswana (Midgley et al. 2004). Nevertheless, it has been
argued that the stimulation of photorespiration cannot fully
define the impacts of elevated temperature. Restricted elec-
tron transport capacity was suggested as an alternative
explanation, since this limits ribulose 1,5-biphosphate
(RuBP) regeneration (Berry and Bjorkman 1980). Similarly,
the lower Jmax values measured for broad-leafed than fine-
leafed forms in this study may explain their photosynthetic
acclimation at intermediate (30°C) leaf temperatures, though
the negative impacts on CO2 assimilation of further increas-
es in leaf temperature (35°C) were most likely due to
changes in the assimilatory power of the Calvin cycle due,
for example, to heat sensitivity of thylakoids and
NADPH/NADP+ pools (Pastenes and Horton 1996).
Apparent quantum efficiency has also been reported to
decrease with an increase in leaf temperature under ambi-
ent atmospheric CO2 levels (Baker et al. 1988, Ehleringer
and Bjorkman 1977). This decline in AQE with increased leaf
temperature was also observed in this study. However, it
contrasted with a steep increase in AQE with increased leaf
temperatures measured in savanna trees under moister
conditions in Botswana (Midgley et al. 2004).
The accumulation of foliar non-structural carbohydrates
(NSC) has been reported to inhibit photosynthesis through
several routes (Arp 1991, Stitt 1991). For instance, NSC
accumulation results in feedback regulation of carboxylation,
leading to decreased carbon assimilation (Azcon-Bieto
1983, Stitt 1991, Van Oosten et al. 1994, Jacob et al. 1995).
Sugar repression of photosynthesis has been identified as a
trigger for photosynthetic regulation in response to sink
demand (Van Oosten and Besford 1996). In this study, sig-
nificantly higher foliar NSC levels were measured in broad-
leafed than fine-leafed species, and a significant inverse
correlation was observed between Amax and foliar NSC in
both leaf forms suggesting inhibition of carbon assimilation
by foliar NSC accumulation.
Reich et al. (1998) reported a close relationship between
Amax and life form. In this study, the distribution of the broad-
Table 3: Correlates between Amax and various gas and water vapour
exchange and leaf chemical properties of African savanna trees
Amax vs r2 t-statistic Probability
AQE –0.2287 –1.3696 0.0899
gs 0.7856 7.4028 0
[N] –0.2397 7 0.2672
Ci:Ca 0.2843 1.7289 0.0464
VpdL –0.4517 –2.9522 0.0028
Vcmax 0.9573 8.7574 0
Jmax 0.9141 5.9639 0.0003
Chl a + b –0.1205 –0.3211 0.3788
NSC –0.5319 –1.6619 0.07
SLA 0.106 0.2831 0.3926
leafed and fine-leafed forms along the catena appeared
associated with their physiological differences. The lower
moister slope comprised a greater abundance of fine-leafed
savannas characterised by their higher stomatal conduc-
tances and photosynthetic rates, the latter corresponding
with greater carboxylation efficiencies (Vcmax) and electron
transport capacities (Jmax), than the broad-leafed savannas
which dominated the relatively drier upper slope of the cate-
na (Coetzee and Werger 1978, Scholes 1997).
Both the broad- and fine-leafed tree forms displayed opti-
mal photosynthetic capacity at leaf temperatures of about
30°C with higher temperatures adversely impacting on
stomatal conductance resulting in the suppression of Amax.
Measured diurnal summer (November to April) temperature
maxima over a 39 year (1960–1999) period at the Skukuza
weather station average 31.3 ± 0.47°C (Scholes et al. 2001),
which is closely proximate to the photosynthetic temperature
optima of both the broad- and fine-leafed savannas.
However, changes to the global climate system are antici-
pated from the accumulation of CO2 and other greenhouse
gases in the atmosphere, which already has had a dis-
cernible influence on global temperature and is predicted to
cause further warming in this century (IPCC 2001). In Africa
various climate futures focussing on regional mean temper-
ature and rainfall changes in different seasons have been
predicted (Hulme et al. 2001) which draw upon different draft
emission scenarios prepared for the Intergovernmental
Panel on Climate Change (IPCC 2001). The worst-case
(SRES A2-emission) scenario combined with a high climatic
sensitivity predicts temperature increases of between 6.0°C
and 6.5°C in African savannas in the year 2080 (means of 7-
GCM experiments). Such temperature increases may clear-
ly suppress carbon assimilation of savanna trees especially
of the broad-leafed species, decreasing their ability to
reduce excess atmospheric CO2, sustain net primary pro-
duction and mitigate global warming.
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